Abstract: An assessment of the joint shear strength of exterior concrete beam-column joints reinforced internally with Glass Fibre Reinforced Polymer (GFRP) reinforcements under monotonically increasing load on beams keeping constant load on columns is carried out in this study. Totally eighteen numbers of specimens are cast and tested for different parametric conditions like beam longitudinal reinforcement ratio, concrete strength, column reinforcement ratio, joint aspect ratio and influence of the joint stirrups at the joint. Also finite element analysis is performed to simulate the behaviour of the beam-column joints under various parametric conditions. Based on this study, a modified design equation is proposed for assessing the joint shear strength of the GFRP reinforced beam-column specimens based on the experimental results and the review of the prevailing design equations.
Introduction
Fibre Reinforced Polymer (FRP) materials are now being used as an internal reinforcements for modern concrete structures. The advantages of the FRP materials, when compared with other routine construction materials like timber, steel and reinforced concrete, lie in their better structural performance in terms of strength, durability and convenience in mass production with high quality control and relative economy [1] [2] [3] [4] . FRP materials are commercially available in the form of cables, sheets, plates etc. Most of the research approaches, particularly in the early years, have been directed towards strengthening of masonry and concrete structures with FRP strips, sheets and fabrics [5] . Significant research works have also been achieved in strengthening and retrofitting of weakened concrete structures [6, 7] . But in the recent times FRPs are available in the form of bars which are manufactured by pultrusion process and which are used as internal reinforcements as an alternate to the conventional steel reinforcements. These FRP bars are manufactured with different surface imperfections to develop good bond between the bar and the surrounding concrete. Fibre reinforcements are well recognised as a vital constituent of the modern concrete structures. Such reinforcements were first introduced in 1986 in Germany for bridge structures on an experimental basis [3] . FRP reinforcements are now being used in increasing numbers all over the world, including India. FRP reinforcements are preferred by structural designers for the construction of seawalls, industrial roof decks, base pads for electrical and reactor equipment and concrete floor slabs in aggressive chemical environments owing to their durable properties.
Due to the advantages of FRP reinforcements in mind, many research works have been carried out throughout the world on the use of FRP reinforcing bars in the structural concrete flexural elements like slabs, beams, etc. [8] [9] [10] [11] [12] [13] . Therefore the present study discusses mainly the joint shear strength of concrete beam-column joints reinforced internally with Glass Fibre Reinforced Polymer (GFRP) reinforcements. The scope of the present study is restricted with the GFRP reinforcements because of their availability in India. Based on this study, suitable modified design expressions are derived and compared with the conventionally reinforced beam-column joints for more rational concept. First part of this study covers the experimental investigation of GFRP/Steel reinforced concrete beam-column joints. Second part of this study is related to the finite element modeling and analysis of GFRP/Steel reinforced concrete beam-column joints. Finite element modeling is done similar to experimental works. The static analysis is performed with the help of ANSYS software with different parametric conditions [14] . Finally, the results are summarised and compared with the experimental findings. Design equations are proposed and validated with the existing theories.
Materials

Concrete
Normal Strength Concrete (NSC) of grades M20, M25 and M30 are used to cast the concrete beam-column joints. Ordinary Portland Cement is used to prepare the concrete. The maximum size of aggregate used is 20 mm and the size of fine aggregate ranges between 0 and 4.75 mm. After casting, the specimens are allowed to cure in real environmental conditions for about 28 days so as to attain strength. The test specimens are generally tested after a curing period of 28 days. The strength of concrete under uni-axial compression is determined by loading 'standard test cubes' (150 mm size) to failure in a compression testing machine, as per IS 516 [15] (IS-Indian Standards). The modulus of elasticity of concrete is determined by loading 'standard cylinders' (150 mm diameter and 200 mm long) to failure in a compression testing machine, as per IS 516 : 1959. The mix proportions of the NSC are carried out as per IS 10262 [16] and the average compressive strengths are obtained from laboratory tests [13, 14, 17] and are depicted in Table 1 . 
Reinforcements
The mechanical properties of all the types of GFRP reinforcements as per ASTM-D 3916-84 Standards and steel specimens as per Indian standards are obtained from laboratory tests and the results are tabulated in Table 2 .
The tensile strength of steel reinforcements (S) used in this study, conforming to Indian standards and having an average value of the yield strength of steel is considered for this study. GFRP reinforcements used in this study are manufactured by pultrusion process with the E-glass fibre volume approximately 60% and these fibres are reinforced with epoxy resins. Three different types of GFRP reinforcements (grooved, sand sprinkled & threaded) [3, 13, 14, [17] [18] [19] with different surface indentations and are designated as F F and F . The diameters of the longitudinal and transverse reinforcements are 12 mm and 8 mm respectively. The standard minimum diameters of the reinforcements as per Indian standards are adopted in this study. The tensile strength properties are ascertained as per standards shown in Table 2 and are validated by conducting the tensile tests  at different testing agency (Central Institute for Plastic  Engineering and Technology -CIPET) , Chennai, Govt. of India and also from the laboratory tests as shown in Figures 1(a), 1(b) and 2. The compressive modulus of elasticity of GFRP reinforcing bars is smaller than its tensile modulus of elasticity [3, 13, 18, 19] . It varies between 36-47 GPa which is approximately 70% of the tensile modulus for GFRP reinforcements. Under compression GFRP reinforcements have shown a premature failures resulting from end brooming and internal fibre micro-buckling. In this study, GFRP stirrups are manufactured by Vacuum Assisted Resin Transfer Moulding process, using glass fibres reinforced with epoxy resin [3, 13, 18, 19] . Based on the experimental study, it is observed that the strength of GFRP bent bars/stirrups at the bend location (bend strength) is as low as 50% of the strength parallel to the fibres. However, the stirrup strength in straight portion is comparable to the yield strength of conventional steel stirrups. In addition to stirrups, anchorage reinforcements near beam-column joints are important and are provided in two ways viz.,
• providing steel bends at the junction between vertical and horizontal GFRP threaded reinforcements and are designated as F S ;
• providing bend in GFRP reinforcements (manufactured by Vacuum Assisted Resin Transfer Moulding Process) and are designated as F F . 
Test specimens
A typical beam-column joint specimen is shown in Fig are decided based on the practical considerations and experimental set up limitations based on the laboratory conditions. Totally eighteen specimens with identical dimensions, geometry and reinforcing arrangements are cast and the detailed descriptions of specimens are tabulated in Table 3 . These specimens are applied with constant axial load on columns and static monotonically increasing load on beams with varying parametric conditions. The maximum height of the column is fixed for all the four 
Test set up and instrumentation
All the test specimens are instrumented to measure strains at the junctions using electrical strain gauges, demountable mechanical (demec) strain gauge, deflectometers and LVDTs (Linear Variable Displacements Transducer) All the test specimens are provided with special end supports which can provide equilibrium under the action of applied loads. The static loads are applied with the help of hydraulic jacks manually and are monitored by proving rings. Static constant axial load on column is applied prior to the application of load on beams (service load on column around 30% capacity of column) using hydraulic jack (capacity 200 tonnes). Once the required column axial load level is reached, the flow valve in the jack is locked to maintain the load till the specimen fails. All the test specimens are applied with a seating load which is followed by monotonically increasing load on beams with an increment of 1 kN till the joint fails completely. All specimens are pasted with internal and external surface strain gauges. A Data acquisition system is used with a sampling rate of 50 samples per second to record all LVDT and electrical strain gauge signals. The parameters considered in this study are tabulated in Table 3 . The entire test set up is shown in Figures Table 4 & 5.
Experimental observations
The following observations are made during the experimental study:
• From the experiment, it is seen that the joint shear failures are observed invariably in all specimens as shown in Figures 7(a) and (b). It is primarily due to the concrete in the joint that is likely to be cracked along both principal directions. None of the specimen failed due to anchorage failures. But because of the experimental set up limitations, the anchorage failures are not possible to study.
• All specimens in each series show that the joint shear strength is increased with the increase of concrete grade, provision of additional joint stirrups at the joint zone and provision of additional anchorage reinforcements with and without bends.
• From the load-deflection curves, it is observed that all GFRP reinforced joints show higher deformations than the control specimens as shown in Figure 8. This fact is primarily due to lower modulus of elasticity of GFRP reinforcements than steel reinforcements.
• Table 5 . Influencing parameters on joint shear strength. • It is also observed that for steel reinforced joints, the yielding of reinforcement leads to a larger increase in deflection with little change in load, whereas GFRP reinforced joints do not have definite yield point, and its stress-strain response shows linear-elastic response up to joint failure and therefore deflection continues to increase with the increase in load, there by exhibiting some ductility despite the brittle nature of GFRP reinforcements.
• All tested joints reinforced with GFRP reinforcements are damaged at the beam-column joint interface with excessive concrete cover spalling in proximity of the failure section. It is mainly due to larger deflection curvature where as conventionally reinforced specimens show a limited spalling of cover concrete. Hence a more pronounced spalling of concrete cover at a faster rate is followed by sudden failure that occurs in all GFRP reinforced joints.
• An examination of the load-deflection curves reveals that the slope of the curves at the initial stages of loading is mild for GFRP reinforced joints where as for conventional specimens it is steeper and is primarily due to lower value of elastic modulus than the steel reinforcements.
• From the Figures 8(c) & (d) , it is observed that the shear strength of the joints for control specimens is 40% higher than the GFRP specimens for C and D series. The deflections of both C & D series GFRP specimens are almost three times higher than control specimens. It is clearly known that, the shear strength and deflection of the GFRP specimens for both steel bend and FRP bend at the joint are almost identical.
• Specimens of D series both for steel and GFRP reinforced joints show the increased joint shear strength due to the provision of additional joint shear stirrups but subjected to a higher deflection. Similar studies for steel reinforced specimens were reported by Vollum and Newman [20, 21] .
• Values of strains measured near the beam-column joint are generally in the range of 0.0026 to 0.0035 as shown in Figures 9 & 10 . These data are helpful for designing purpose and are the average strains.
The strains recorded from the strain gauges are pasted at the compression and tensile faces of the beam column joint.
• It is also evident from the experimental study that in all the series of specimens when the percentage of reinforcements in beams is 0.4 to 1.2%, these joints failed by concrete crushing. But none of the joints failed by rupture of GFRP reinforcements in compression prior to concrete strain reaches ultimate. It is probably due to the fact that the ultimate compressive tensile strains of GFRP reinforcements are greater than the ultimate compressive strains of concrete.
Analytical modelling
The finite element analysis is an assemblage of finite elements which are interconnected at a finite number of nodal points. The main objective is to simulate the behaviour of the beam-column joint under monotonically increasing load on the beam by keeping constant service load on columns. In the present study, discrete modeling approach is used to model the behaviour of GFRP and Steel reinforced beam-column joints using ANSYS software [14] . In this approach, concrete column and beam elements are modeled by Solid65 elements while the reinforcement (steel/GFRP) is modeled by Link8 elements. The nonlinearity is derived from the nonlinear relationships in material models and the effect of geometric nonlinearity is not considered. The parameters to be considered for Solid65 element are material number, volume ratio and orientation angles (in X and Y direction). Since there is no rebar data (smeared reinforcement), the real constants (volume ratio and orientation angle) are set to zero. The parameters to be considered for Link8 element are cross sectional area and initial strain. The values entered for Link8 element are given in the Table 6 . The material properties defined in the model are given in Table 6 . Material model number 1 and 2 refers to the Link8 element and 3 refers to Solid65 element respectively. EX is the modulus of elasticity of the material and PRXY is the Poisson's ratio.
The ANSYS program requires the uniaxial stressstrain relationship for concrete in compression. Equations 1a, 1b and 1c are used to construct the uniaxial compressive stress-strain curve for concrete in this study.
Where = stress at any strainε, ε= strain at stress and ε 0 = strain at the ultimate compressive strength .
Behaviour of Steel/GFRP reinforcements in Tension and Compression
The steel stress-strain relation exhibits an initial linear elastic portion, a yield plateau, a strain hardening range in which stress again increases with strain and finally, a range in which the stress drops off until fracture occurs. The extent of the yield plateau is a function of the tensile strength of steel. In this study the reinforcing steel is modeled as a linear elastic, linear strain hardening material with yield stress. The slope of the strain hardening branch is determined so that the strain energy of the model is equal to the strain energy of the experimental steel stress-strain relation. Figure 9 (a) shows the typical stress-strain curve used in this study, which exhibits an initial linear elastic portion, a yield plateau, a strain hardening and, finally, a range in which the stress drops off until fracture occurs. The extent of the yield plateau is a function of the tensile strength of steel. E 1 is Young's modulus of reinforcing steel, E 2 is strain hardening modulus. Typical stress-strain curves for GFRP reinforcing bars used in this study are obtained from the laboratory tests. GFRP reinforcements have an elastic behaviour and are defined by their rupture strength. GFRP reinforcements exhibit different stress-strain curve in compression and in tension. When GFRP components are loaded in longitudinal compression, the failure of the composites is associated with micro-buckling or kinking of the fibre within the restraint of matrix material. Accurate experimental values for the compressive strength are difficult to obtain and they are highly dependent on specimen geometry and the testing method. The mode of failure depends on the properties of constituents (fibres and resin) and the fibre volume fraction. From the literature it is observed that compressive strength of GFRP is lower than the tensile strengths. Based on the routine compression test as applicable to concrete specimens, the GFRP reinforcements show a similar trend than that of tensile stress-strain relationship. The compressive strength of GFRP reinforcements shows 50% reduction than the tensile strength [13] . But due to non availability of testing procedure, similar stress-strain behaviour is considered in compression with a reduced tensile modulus (50% reduction).
In this study the GFRP reinforcing bars are modeled as a linear elastic material with reinforcement rupture stress of GF RP and elastic modulus of E GF RP as shown in Figure 9 (b).
Modeling of Beam-Column Joint
In order to compare the performance of the beam-column joint, the specimens are modeled and analyzed using a Finite Element Software ANSYS 10 using the above said element types and the material properties. The models developed in ANSYS software with conventional and nonconventional reinforcements. An axial load of 120 kN is applied on the column with experimental set up conditions. The load on the beam is applied at a distance of 50 mm from the cantilever end. The models are analyzed for monotonic loadings (downward directions). The Loading data for the beam is prepared from 0 to 23000 N (1800 kgf) with 1962 N (200 kgf) increment of peak loads in cyclic load pattern as shown in figure 10 . Since the Beam modeled in ANSYS has 5 numbers of nodes across its cross-section, each and every load data has to be distributed among these nodes. Hence the loading data is prepared with 3 different loads, i.e. F1, F2 and F3 depending upon the node spacing and the loading program. The load data that is prepared has to be browsed while doing this loading program. 
Comparison of test results
The results of the finite element study are compared with experimental study and suitable recommendations are made:
1. The general behaviour of the finite element models represented by the load-strain plots show good agreement with the experimental data. However, the finite element models show higher loads than the experimental study both in linear and nonlinear ranges. This is attributed to higher stiffness of the finer finite element meshing strategy.
2. Discrete finite element model proves to be computationally simple and better representation of the actual behaviour of the beam-column joints under various parametric conditions. Figure 11 . However, it is observed from the finite element analysis results gave stiffer initial behaviour than that of the experimental curves and is primarily due to seating load imperfections.
4. The load-deflection plots and the load-strain plots for joints with different parametric conditions using ANSYS software is compared with the experimental observations and are depicted in the Figure 11 . For GFRP reinforced concrete joints, it is observed from the finite element analysis results shown lesser steep curves than that of the steel reinforced column and is primarily due to variations in the compression to the tensile modulus of elasticity of GFRP reinforcements.
5. Also the finite element model observes stiffer loads; however stiffer loads cannot be overcome due to denser meshing for convergence. But in some cases, the finite element analysis is terminated owing to numerical instabilities and processing time. A typical analytical result obtained for the joints from ANSYS software is compared with the experimental observations is shown in Figure 12 . 
Existing design equations for exterior beam-column joints
The existing joint shear strength design equations obtained from the past studies on exterior beam column joint reinforced with steel reinforcements are utilized for calculating the joint shear strength of GFRP reinforced joints with suitable modification factors to account the variability in the experimental values and theoretical predictions.
ACI-ASCE and BS 8110-1985 Code [22-24]
The ACI-ASCE Committee [22] and EC8 [23] recommend the following design equations for the shear strength of monotonically loaded joints.
is the joint shear strength (N); is the section depth of the column (mm); is the concrete cylinder strength (MPa); is the average of the beam and column widths (mm)
The BS 8110-1985 Code [24] recommended the following equation to design the beam-column joints.
The equation is subject to the constraint of
where υ is the value of υ modified for axial force effects; N is design axial compressive force; V is the design shear force; M is the design bending moment; A is the area of concrete section and is the effective depth.
where V is the design ultimate shear resistance(uncracked section); is the section breadth; is the overall depth; is the concrete characteristic compressive strength (0 24 √ ); is the centroidal compressive stress due to prestress force; V is the design ultimate shear resistance(cracked section); is the prestressing steel stress after losses;
is the characteristic strength of prestressing tendons; M is the moment necessary to produce zero stress in the concrete at the extreme tension fibre of the section.
Sarsam and Phillips (1985) [25]
The proposed equation for the design of monotonically loaded exterior beam-column connections and the design shear capacity of the joint is,
where, V is the shear force resisted by the concrete at the joint and V is the design shear force resisted by the links is taken as:
where A is the total area of horizontal link reinforcement crossing the diagonal plane from corner to corner of the joint between the beam compression and tension reinforcement (mm 2 ); υ is the tensile strength of the link reinforcement (MPa).
Vollum (1999) [20, 21]
The following equation determines the total joint shear strength V as:
where V is the joint shear strength without stirrups (N), A is the cross-sectional area of the joint stirrups within the top five eighths of the beam depth below the main beam reinforcement (mm 2 ); α is a coefficient 0.2 that depends on many factors including column load, concrete strength, stirrup index, and joint aspect ratio;
is the section depth of the column (mm); is the concrete cylinder strength (MPa); is the average of the beam and column widths (mm);
is the yield strength of stirrups (MPa).
P.G.Bakir and H.M.Boduroglu (2002) [26]
The proposed equation is based on the following parameters viz., influences of concrete cylindrical strength, column reinforcement ratio, beam longitudinal reinforcement ratio, column axial stress, stirrups at joint and joint aspect ratio, and proposed a more realistic design equation than the previously suggested equations for predicting the joint shear strength of monotonically loaded exterior beam-column joints as follows.
+ αA (9) where, β and γ are the factors for anchorage detailing of reinforcements, A is the cross sectional area of tension reinforcements of the beam, and are the breadth and depth of the beam, is the breadth of the column, and is the height of the beam and column respectively, α is the factor for the amount of stirrups provided at the joints, A is the cross-sectional area of the joint stirrups.
The experimental test data are compared with the existing design equations and found that the equation proposed by P.G.Bakir and H.M.Boduroglu [26] is closer and agree well with theoretical formulations. Hence the present study uses expressions proposed by the above author for the beam-column joints reinforced GFRP reinforcements with suitable modification factor.
Proposed design equation for GFRP reinforced exterior beamcolumn joints
The parametric investigation of exterior beam-column joint behaviour is carried out is based on the previous tests available in the literatures; tests carried out in the laboratory are presented in Table 4 and 5. Originally the joint shear strength of beam-column joints are determined by the strut and truss mechanisms as suggested first by Park and Paulay [27] . The joint shear is calculated using the following procedure:
where P is the failure load (N); L is the distance from the point of application of the load to the face of the column (mm); is the cover (mm). The joint shear strength is calculated as below:
where V is the joint shear force (N); T is the tensile force in the beam longitudinal reinforcement (N); V is the shear force in the upper column (N). The normalised joint shear strength is determined as:
where is the average of the beam and the column width;
is the concrete cylinder strength; is the height of the column. The unit of υ is (MPa) 0 5 . The results obtained from the experiment are compared with the previous test data collected from the literatures [20, 21, 26, 28, 29] and plotted a graph between the normalised joint shear strength and several key variables such as influences of concrete cylinder strength, column reinforcement ratio, beam longitudinal reinforcement ratio, joint aspect ratio, stirrups ratio at the joint and the column axial stress are shown in Figures 13 to 18 .
The relationship between joint shear stress (υ ) and concrete cylindrical strength ( ) is shown in Figure 13 . A regression analysis is carried out for the influencing parameters for the beam-column joints. From the analysis it is found that the cylindrical strength is related to the following equation.
From the Figure 14 , it is clearly known that the column reinforcement ratio does not influence the joint shear strength. Figure 15 shows that the beam reinforcement ratio is related to the normalized joint shear strength (υ ) by the following equation.
υ ≈ A
0 275 (14) where A is the total area of the beam reinforcement; and is the breadth and of the beam respectively. Figures 16 and 17 show the relationship between normalized joint shear strength with the joint aspect ratio and stirrups influence respectively. In this study, the joint ratio is taken as 1.0, and hence the existing equation is safely used. Similarly the stirrups ratio used in this study is less than 0.003, and it requires further investigation. The scattered plots in the Figure 18 indicate that the beam-column joints are independent from column axial stress. + αA (15) where Ψ is the capacity reduction factor which is taken as 0.7 to 0.8 for the GFRP reinforcements; β and γ are the factors for anchorage detailing of reinforcements, it is taken as 1 in this study;
is the cube compressive strength of concrete and is the strength of stirrups at the joint. 
Conclusions
Based on this study it is concluded that the behavior of beam-column joints are more influenced by the change in geometry of beam and column, amount of column and beam reinforcements, detailing of reinforcement and the strength of concrete.
It is observed that in all the test specimens (both steel and GFRP), though the crack pattern differs with each other, in most of the joints first crack developed near the beam-column interface. Ultimately joint shear failure occurs at the joint interface when ultimate load is reached. Load-deflection curves reveal the same kind of variation for both the specimens reinforced with steel and GFRP. The comparisons of the analytical result with the experimental data provide the basic validation of the proposed simplified model for GFRP reinforced joints.
The joint shear strength and load carrying capacity of the GFRP reinforced specimens are 10% less than that of control specimens except the specimen reinforced with GFRP sand sprinkled, which is higher than the control specimen in both A and B series by 5%. The D series specimens have higher joint shear strength than C series because of the additional provision of shear reinforcement at the joint. But both C & D series have lower values of joint shear strength than the A & B specimens when compared to the control specimens and plausible reasons could be the aspect ratios of the joints. These factors are thoroughly analysed and incorporated with the available equations for predicting the joint shear strength of exterior beam-column joints reinforced with GFRP specimens. A strength reduction factor is introduced in the proposed equations to account the variation of elastic modulus and ductility.
GFRP reinforced specimens show a reduced joint shear strength by 10 to 15% overall. The failure mode for all the specimens is joint shear failure. The failure occurred at the joint interface for all the GFRP reinforced specimens and the failure is brittle. From the loaddeflection curve it is found that the deformability by 30 to 50% for the GFRP reinforced specimens are higher than the control specimens. But for B series specimens these variations are between 10 to 15% because of the higher grade of concrete and larger section. Anchorage failure is not observed for any of the tests. The anchorages for main reinforcements are provided by bending GFRP reinforcements or by providing steel couplers at the ends of the GFRP reinforcements. Provision of such steel couplers does not influence much, infact it is primarily due to aspect ratio of the joint. Probably it increases the joint shear strength considerably for higher sizes. The experimental results are well correlated with the proposed design equation. The ratio between the predicted and the experimental values of joint shear strength is found as 1.015 and the standard deviation is 0.115. The suggested equation estimates the joint shear strength as well and conservative. Based on the analysis, it is proposed to introduce a strength reduction factor (Ψ) of 0.8 for grooved and sand sprinkled types of GFRP reinforcements and 0.7 for threaded type of GFRP reinforcements without stirrups at the joint and 0.78 for threaded type of GFRP reinforcements with stirrups at the joint.
